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Purpose: We developed a monitoring system to detect spinal cord ischemia during aortic 
cross-clamping (AXC). This system was used to prospectively determine in which patients 
ischemia occurs, in which patients reimplantation f intercostal rteries is unnecessary or
mandatory, and when reperfusion of intercostal rteries (ICAs) is urgent. 
Methods: Two hundred sixty patients underwent thoracoabdominal aortic aneurysm 
(TAA) repair with simple AXC. In 167 patients, two electrocatheters were placed before 
the onset of anaesthesia atlevel L1/L2 (stimulation) and level T5/T6 (recording) within 
the epidural space. During surgery, spinal cord function was monitored by recording 
spinal somatosensory evoked potentials (sSSEP). According to the extent of aortic 
replacement, most patients were expected to have a high risk of paraplegia. 
Results: In group A (59 patients), sSSEP remained normal throughout surgery, and in 54 
of these patients ICAs were not reattached outside the proximal aortic anastomosis. In the 
other five patients ICAs were reimplanted separately because of possible anatomic relation 
to  spinal cord blood supply. No patient in group A had postoperative n urologic deficit. 
In group B (54 patients) sSSEP remained normal until 15 minutes after AXC but were 
impaired thereafter. Nineteen patients had early reimplantation fICAs. Of the 19, three 
had paraparesis and two had paraplegia. Neurologic deficit developed in the patients 
without early reimplantation of ICAs. In four patients eparate reimplantation f ICAs 
was performed late in the procedure because of incomplete sSSEP recovery. Subsequently, 
the sSSEP returned to normal and only one of the four patients had mild paraparesis. The 
total rate of neurologic deficits in this group was 13% (paraplegia, 3.5%; paraparesis, 
9.5%). All 54 patients in group C showed rapid loss ofsSSEP within 15 minutes of AXC. 
In 28 patients ICAs were reimplanted only within the proximal anastomosis. Twenty-one 
of these patients showed prompt signal recovery after blood-flow release into the 
reimplanted ICAs, and none had neurologic deficit. Seven patients had no or very late and 
incomplete sSSEP recovery. Of the seven, three had paraplegia nd four had paraparesis. 
In 26 patients ICAs were reimplanted separately to the proximal anastomosis. This was 
done early during the procedure in 17 patients, of whom 13 had full recovery of sSSEP 
and normal neurologic status. Four patients had incomplete or no recurrence of sSSEP, 
followed by paraplegia in one and paraparesis n three. In nine patients ICAs were 
reimplanted after the aortic replacement had been completed because sSSEP recovery was 
not satisfactory. In all patients in this subgroup sSSEP returned to normal. Six patients 
had a normal neurologic status and three had mild paraparesis. The total neurologic 
complication rate in group C was 26% (paraplegia, 7.5%; paraparesis, 18.5%). 
Conclusion: The risk of ischemic spinal cord injury during replacement for TAA can be 
assessed continuously by monitoring the sSSEP directly from the spinal cord. Patients 
without sSSEP changes during aortic reconstruction donot require ICA reattachment and 
will not have neurologic deficit. Patients who lose sSSEP after AXC are at risk for 
paraplegia. Patients with impairment or loss ofsSSEP > 15 minutes after AXC have some 
collateral vessels, and must have ICAs reimplanted only if sSSEP do not return within 
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normal recovery time after blood-flow release into the proximal anastomosis. Loss of 
sSSEP within 15 minutes of AXC shows poor collateralization and mandates early 
restoration of spinal cord blood supply. If the surgeon can achieve the return of  sSSEP to 
normal by subsequent separate reimplantation of ICAS, paraplegia will not occur and 
paraparesis will be rare and mild. Spinal cord monitoring is a valuable guide,to detect 
whether the spinal cord is at risk and to take measures against paraplegia. (J VAsc SURG 
1996;23:230-40.) 
Spinal cord ischemia during thoracoabdominal 
aneurysm (TAA) repair can resuk from aortic cross- 
clamping (AXC) and insufficient restoration of spinal 
cord blood flow thereafter. The risk and prevention 
of paraplegia have been the subjects of several 
experimental nd clinical studies) -8Clamping isch- 
emia can be avoided by retrograde aortic perfusion if
oxygenated blood flows into the intercostal arteries 
(ICAs) that supply blood to the spinal cord. 9-is In 
patients with extensive aortic replacement for type I, 
II, and III aneurysm, however, the artery of Adam- 
ldewicz, the major artery that supplies blood to the 
lower spinal cord, cannot usually be perfused uring 
the time of aortic replacement. I  is impossible to 
predict what aortic clamping time can be tolerated in 
a particular patient because the exact vascular 
anatomy, including collateral vessels that provide the 
spinal cord with blood, is unknown at this time. This 
explains why paraplegia might occur only after 30 
minutes of AXC in some patients and may not be 
present even after 60 minutes of AXC in others. 
Kieffer et al. 14 have performed preoperative 
aortography to detect he artery of Adamkiewicz. If
it was possible to localize the relevant artery, success- 
ful reattachment seemed not to be a problem. In a 
reasonable number of patients, however, it was not 
possible to opacify the artery of Adamkiewicz. 
Furthermore, a few patients experienced typical 
complications of aortography, such as thromboem- 
bolism, dissection, and spinal cord ischemia. Many 
patients with aneurysms have partial thrombosis of 
the aortic wall, which also might have occluded 
important segmental arteries while collaterals have 
been developed. It is difficult, if not impossible, to 
find those important collaterals with aortography. 
Svensson et al)5 used segmental AXC and intraop- 
eratixre insufflation of hydrogen gas to detect the 
important segmental rteries. Segmental c amping in 
patients with large aneurysms, however, might be 
impossible and dangerous because of thromboem- 
bolism and damage to the ICAs. 
We recorded peripheral somatosensory evoked 
potentials (sSSEP) to assess pinal cord perfusion by 
measuring the amplitude, form, and latency of the 
potential36 Impairment of spinal cord perfusion 
from clamping of the thoracic aorta resulted in 
significant changes of the sSSEP recordings if distal 
aortic perfusion could not be maintained by pump or 
bypass. Peripheral tibial nerve stimulation, which is 
usually applied for this purpose, discontinues after 
onset of peripheral nerve ischemia. 17 At the same 
time spinal cord perfusion might be interrupted or 
normal, depending on the level of AXC in relation to 
the origin of the arteries perfusing the lower spinal 
cord with blood. We have chosen epidural placement 
of the electrodes for stimulation and recording of 
sSSEP. The information comes directly from the 
spinal cord segment of interest and excludes the 
peripheral nerve ischemia as cause for significant 
changes. This method confirmed the significance of 
ICA reimplantation. We found three different groups 
of patients at low, moderate, and high risk of 
paraplegia. Monitoring sSSEP guides the surgeon 
during surgery and shows the effects of AXC, 
unclamping, and reperfusion of reattached ICAs. 
PAT IENTS AND METHODS 
Two hundred sixty patients underwent thoraco- 
abdominal aortic replacement from January 1981 
through April 1995. Fifty-seven were female and 185 
were male; their mean age was 63 _+ 15 years. Eighty 
percent had type I, II, or III TAA according to the 
classification of Crawford et al. 18 Seventeen percent 
had dissecting aneurysms and 15% had ruptured 
aneurysms (Table I). 
After the 18G bipolar electrocatheter (Bi-pacing 
Cath; Vygon; Aachen, Germany; Table II) was 
invented and tested in dogs, 5we attempted torecord 
the sSSEP directly from the spinal cord in a 
continuous series of 172 patients. The catheters were 
positioned in the patient under local anesthetic 
within the epidural space at level L1/L2 for stimu- 
lation and at level T5/T6 for recording. The record- 
ings were technically successful in 167 patients (Table 
I). In five patients we failed to record the sSSEP 
because of misplacement and damage of the catheter 
or because of problems with the equipment. We did 
not observe complications from epidural puncture 
and insertion of the catheter in any patient. In 
general, we favor the clamp and repair principle and 
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Table I. Data on 260 patients who 
underwent replacement for TAA 
Age 
Gender 
Type of aneurysm 18 
Type I 68 pts. 
Type II 81 pts. 
Type IIi 59 pts. 
Type IV 24 pts. 
Type V 28 pts. 
Aneurysm orphology 
Intact 179 pts. 
Dissection 43 pts. 
Rupture 38 pts. 
63 + 15 years 
185/75 (male/female) 
Table I lL Surgical technique and 
adjunctive methods used in 260 patients 
Technique~method No. of patients 
Clamp and repair (simple cross- 240 
clamping) 
Temporary right subclavian- 20 
iliac shunt 
SEP monitoring (electrospi- 167 
nogram) 
Pharmacological protection 129 
(I.V. prostaglandins) 
CSF pressure measurement 17 
CSF drainage 10 
Table II. Technical equipment for 
recording sSSEP 
Catheter type 18 G bipolar electrocatheter 
(Bi-pacing Cath) 
Catheter position Level L1/L2 (stimulation) 
Level T5/T6 (recording) 
Computer Medelec ER 94a 
Stimulation About 10 mA (intensity) 
0.3 ms (duration) 
64 sweeps 
Recording time 20 ms 
Filter 30 Hz-3 kHz 
applied it in 240 patients. In 20 patients we used a 
temporary extracorporal shunt of 13-ram diameter 
from the right subclavian artery to the right external 
iliac artery to reduce cardiac afterload in patients with 
either myocardial insufficiency or clamping proximal 
to the left subclavian artery or to left common carotid 
artery. 
After previous extensive animal experiments, we 
found that prostaglandin a d prostacyclin protect the 
kidneys and the spinal cord against ischemic injuryl9; 
therefore, an intravenous infusion of prostaglandin 
E 1 (5 ng/kg/min) or prostacyclin (2.5 ng/kg/min) 
was added to our management regimen in 1988 
(Table Ill). The infusion was started 15 minutes 
before AXC and was stopped after reattachrnent of 
the visceral and renal arteries. Although these drugs 
may reduce arterial blood pressure, additional intra- 
venous drips of natrium nitroprusside, nitroglycerin, 
and calcium antagonists were used during AXC to 
maintain ormal arterial blood pressure. 
After AXC and incision of the aneurysm, the left 
renal artery was intubated with a 9F double-lumen 
catheter for flush-perfusion with Ringer's lactate, 
which contained 1000 IU heparin and 20 ~tg 
prostaglandin El, at 4 ° C. The ICAs, visceral arteries, 
and right renal artery were occluded with Fogarty 
catheters of adequate size. Reattachrnent of ICAs was 
part of the procedure. At the level of the proximal 
aortic anastomosis, t was technically feasible in most 
cases to include one or  two pairs of ICAs. If the 
sSSEP remained unchanged, the visceral and renal 
arteries were reimplanted. In patients who showed 
stepwise disappearance of the sSSEP while the 
surgeon was suturing the graft to the. proximal 
aorta, blood flow was released into the adjacent 
segmental arteries after the proximal anastomosis 
had been performed. In many patients, especially 
most type III and IV patients, the sSSEP returned 
immediately thereafter, and we did not attempt to 
reattach additional segmental arteries. Paraplegia 
did not occur in any patients with unchanged sSSEP 
or those in whom the sSSEP returned to normal 
within 40 minutes, and only one patient had mild 
paraparesis. In type II patients the sSSEP usually 
disappeared early after AXC and rarely returned to 
normal after flow release into the proximal anas- 
tomosis. Additional reattachment was performed at 
the level of T8-T11, where in many patients we 
were certain that a left ICA with slow or minimal 
backbleeding and a big lumen was the relevant 
vessel. If the sSSEP did not return, however, we 
looked at the descending aorta and the proximal 
abdominal aorta for other segmental rteries, which 
were reimplanted stepwise. 
RESULTS 
The overall mortality rate from hospitalization to
90 days after sm'gery was 14.5%, ranging from 26% 
for patients with ruptured aneurysms to 10.5% for 
patients with intact aneurysms without dissection 
(Table IV). The total paraplegia r te was 5%, and the 
rate ofparaparesis was 10%. The ischemic neurologic 
complications were significantly higher in patients 
who died after the operation than in those who 
survived (Table V). As expected, paraplegia nd 
paraparesis rates were highest in type I, II, and III 
patients (3%, 11%, and 3.5%; and 7.5%, 18.5%, and 
8.5%, respectively). Paraplegia did not occur in type 
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Table IV. TAA and AAA involving celiac, superior mesenteric, and renal arteries, 1981-1995 
Paraplegia Deficit Dialysis Mortality 
Total no. No. % No. % No. % No. % 
Rupture 38 3 8 1 2.5 13 34 10 26 
Dissection 43 3 7 8 18.5 8 I8.5 8 18.5 
Intact, no dissection i79 7 4 17 9.5 13 7.5 19 i0.5 
Total 260 13 5 26 10 34* 13 37 14.5 
Complications in ruptured, dissected and nonruptured cases. 
*7 patients underwent dialysis before surgery. 
Table V. TAA and AAA involving celiac, superior mesenteric, and renal arteries: 1981-1995 
Paraplegia Deficit Dialysis Rupture 
Outcome No. of patients No. % No. % No. % No. % 
Survival 223 5 2.5 21 9.5 18 8 28 12.5 
Death 37 8 22 5 13.5 16 43 10 27 
Total 260 13 5 26 10 34* 13 38 14.5 
Complications in survivors and nonsurvivors. 
*7 patients underwent dialysis before surgery. 
Table VI. Complications ofthoracoabdominalaneurysmrelated to natomicinvoNement: 
1981-1995 
Patients Paraplegia Deficit Dialysis Rupture 
Type No. % No. % No. % No. % No. % 
I 68 26 2 3 5 7.5 10 15 10 15 
II 81 31 9 11 15 18.5 13 16 13 16 
III 59 23 2 3.5 5 8.5 7 i2 4 7 
IV 24 9 0 - 1 4 2 8 3 12.5 
V 28 11 0 - 0 - 2 7 8 28.5 
Total 260 100 13 5 26 10 34* 13 38 14.5 
*7 patients underwent dialysis before surgery. 
IV and type V aneurysms despite ahigher incidence 
of aneurysm rupture (Table VI). With spinal cord 
monitoring, three groups of patients with low, 
moderate, and high risk for paraplegia nd parapare- 
sis could be identified (Figs. 1 and 2). 
In all 59 patients in group A, sSSEP remained 
normal throughout surgery, and in 54 patients ICAs 
were not reattached outside the proximal aortic 
anastomosis. In five patients, however, ICAs were 
reimplanted separately because of their possible 
anatomic relationship to spinal cord blood supply. 
None of the 59 patients had neurologic deficit. 
Group B included 54 patients in whom sSSEP 
remained normal until 15 minutes after AXC but 
were impaired thereafter. Thirty-one patients under- 
went replacement without early reimplantation of 
ICAs; four of these patients had paraparesis and two 
had paraplegia. In contrast, 19 patients who under- 
went early reimplantation f ICAs had no complica- 
tions after surgery. The 31 patients without reim- 
plantation oflCAs did not have changes in sSSEP. Of 
the 19 patients with early reimplantation f ICAs, 2 
had incomplete recovery of sSSEP after more than 2 
hours and subsequently had paraplegia. Neurologic 
deficit developed in patients without early reimplan- 
ration of ICAs. Separate reimplantation f ICAs was 
performed late in the procedure in four patients 
because of incomplete sSSEP recovery. Subse- 
quently, the sSSEP returned to normal; three patients 
were neurologically normal, and one had mild 
paraparesis. Thus all patients with late but full 
recovery of sSSEP had mild paraparesis only and no 
paraplegia. 
In group C, all 54 patients howed rapid loss of 
sSSEP within 15 minutes of AXC. In 28 patients 
ICAs were reimplanted only within the proximal 
anastomosis. Twenty-one of these patients howed 
prompt signal recovery after blood flow release into 
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Fig. 1. Three groups of patients at low, moderate, and high risk of developing neurologic 
deficit. Patients without loss of sSSEP did not develop neurologic deficit, whereas those with 
disappearance of sSSEPs were at highest risk. 
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Fig. 2. Three groups of patients at low, moderate, and high risk of developing neurologic 
deficit. Patients who had total oss ofsSSEP for < 40 minutes did not have paraplegia and only 
1 of 57 patients had paraparesis, whereas patients with very late or no return of sSSEPs had a 
> 50% chance of neurologic deficit. 
the reimplanted ICAs, and none had neurologic 
deficit. Seven patients had no or very late and 
incomplete sSSEP recovery; three of these had 
paraplegia nd four had paraparesis. In 26 patients 
ICAs were rcimplanted separately to the proximal 
anastomosis. In 17 patients, this reimplantation was 
done early in the procedure. Thirteen of these 
patients had full recovery of sSSEP followed by 
normal neurologic status. Four patients had incom- 
plete or no recurrence ofsSSEP, which was followed 
by paraplegia in one patient and paraparesis in three. 
In nine patients ICAs were reimplanted after the 
aortic replacement had been completed because 
sSSEP recovery was not satisfactory, sSSEP returned 
to normal in all patients in this subgroup. Six patients 
had normal neurologic status, and three had mild 
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Table VIIa. Multivariate analysis of 167 patients with continuous monitoring of sSSEP 
Duration* Normal (n = 146) 
Neurologic outcome 
Paraparesis (n = 15) Paraplegia (n = 6) 
SSEP-loss (onset) 11.6 ± 0.94 18.0 ± 2.17 14.5 ± 2.26 
Total time of SSEP-loss 24.5 ± 2.30 105.7 +_ 12.80 156.0 ± 32.25 
SSEP-regeneration 7.8 ± 0.96 54.9 ± 12.90 93.8 -+ 33.99 
X-clamping 59.4 ± 2.32 88.1 -+ 16.01 106.5 -+ 10.42 
0.11 
< 0.0001 
< 0.0001 
<0.0001 
Total time of sSSEP loss, sSSEP regeneration, and total aortic clamping time predicted neurologic outcome. 
~Mean times in minutes. 
Table VIIb. TAA extent and sSSEP response after AXC* 
No sSSEP loss sSSEP loss (> 15 min.) 
TAA type No. of patients No. % No. % 
sSSEP loss (< 15 min 0 , 
No. % 
I 55 15 27 23 42 17 31 
II 47 11 23.5 16 34 20 42.5 
IH 53 24 45.5 13 24.5 16 30 
IV 12 9 75 2 16.5 1 8.5 
*The cross-table analys!s demonstrates a ignificant dependence between these parameters (p = 0.009; ×2 test)• 
paraparesis. The total neurologic complication rate in 
group C was 26% (paraplegia, 7.8%; paraparesis, 
18.5%). 
During the series we observed only two patients 
who had normal neurologic outcome the morning 
after surgery but had paraplegia fterward. One 
patient had a type II aneurysm replacement, during 
which sSSEP disappeared after 15 minutes. ICAs 
were reimplanted atthe level Th9/Thl0, after which 
the sSSEP returned. The patient had a normal 
recovery until the second postoperative day, when he 
had periods of low blood pressure from intermittent 
cardiac failure. During these periods intermittent 
paraplegia occurred, and the patient finally became 
paraplegic. He died of cardiac failure a few days later. 
Autopsy showed spinal cord necrosis and thrombosis 
of the reimplanted artery of Adamkiewicz. 
The second patient underwent aortic replacement 
for a type III aneurysm. Because of early disappear- 
ance of the sSSEP, the artery of Adamkiewicz and 
three other ICAs were reimplanted separately from 
the proximal anastomosis. The sSSEP reappeared 5 
minutes after reperfusion of the reimplanted ICAs. 
Recovery was uneventful ntil the afternoon of the 
first postoperative day, when first the left leg and 1 
hour later the right leg became paralyzed. During 
emergency surgery, we found that the artery of 
Adamkiewicz had developed thrombosis due to an 
ostial stenosis. We performed ostial endarterectomy 
and thrombectomized the artery with a 2F Fogarty 
catheter. The flow through the artery of Adam- 
kiewicz was monitored by Doppler sonography at 
completion of surgery. The patient was able to move 
both legs the next morning, and walked out of the 
hospital without any assistance 3 weeks later. 
DATA ANALYSIS 
We performed a multivariate analysis of variance 
of the onset of sSSEP loss, total sSSEP loss, sSSEP 
regeneration, and AXC times for the 167 patients 
who underwent thoracoabdominal aortic replace- 
ment with sSSEP monitoring. The patients were 
grouped according to neurologic outcome: "normal" 
outcome, paraparesis, and paraplegia (Table VII). All 
four time intervals can be considered statistically in- 
dependent. The analysis revealed that the time inter- 
val betwcen AXC and significant ischemic hanges of 
sSSEP is not statistically significant if the estimated 
risk of neurologic deficit is considered (p < 0.11). 
Total time loss ofsSSEP, the time required for sSSEP 
regeneration, and the total Axe  times were highly 
significant (Table VIIa). When we compared the ex- 
tent of the aneurysmal disease requiring various levels 
of AXC with the sSSEP changes after AXC, however, 
it became obvious that sSSEP changes are signifi- 
cantly related to the length of the aorta excluded from 
circulation. The comparison of the aortic length to be 
replaced with the neurologic outcome did not show a 
significant correlation. 
In addition, we compared the clinical outcome of 
patients, who were grouped according to sSSEP re- 
sponse and cross-clamping (Table VIIa) and in rela- 
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Table VIII. TAA extent and neurologic outcome 
Normal Paraparesis Paraplegia 
TAA Fpe No. of patients No. % No. % No. % 
I 55 50 91 5 9 - - 
II 47 37 79 5 10.5 5 10.5 
I I I  53 48 90.5 4 7.5 1 2 
IV 12 11 91.5 1 8.5 - - 
Cross-table analysis demonstrates no significant dependence between these parameters (p = 0.118, X 2 test) 
don to the anatomic extent of replacement (Table 
VIIb). We tested a possible dependence between 
these factors with a ×2 test. The same comparison was 
performed for TAA extent and neurologic outcome 
(Table VIII). 
DISCUSSION 
Retrospective studies have shown that the risk of 
ischemic spinal cord injury in patients undergoing 
aortic replacement for TAA increases by the anatomic 
length of graft replacement, a factor to which the 
duration of AXC is related. 2° In our experience, 
however, many patients with extensive aortic replace- 
ment and longer clamping times did not have 
neurologic deficit despite the Fact that distal aortic 
perfusion was not used. Conversely, some patients 
with short clamping times and only segmental ortic 
replacement had dense paraplegia. In the individual 
patient i  is impossible to assess the risk of spinal cord 
ischemia before and during surgery unless the sources 
for blood supply to the lower spinal cord have been 
identified for planned reattachment. 21 
Many preventive methods used today work well 
in experimental settings with animals; in human 
beings, however, paraplegia will sometimes occur 
despite the application of a battery of preventive 
methods. 22Some important reasons for this incon- 
sistency are based on facts that we do not know about 
the individual patient with a TAA: whether the 
patient has a patent artery of Adamkiewicz, where the 
artery arises, and whether collateral circulation is 
sufficient after interruption of flow through this 
artery by proximal aortic clamping for a shorter or 
longer period. It is impossible at the moment o 
answer these questions-we do not know in which 
patient paraplegia is likely to develop. The only 
practical solution to this problem seemed to be 
continuous monitoring of spinal cord function, so if 
the patient was found to be in danger appropriate 
steps could be taken. The distinction between pa- 
tients who have lost sSSEP either before or after 15 
minutes of AXC evolved empirically because arly in 
this series we did not observe asingle patient who had 
paraplegia if the sSSEP remained unchanged longer 
than 15 minutes. Although this tendency held true 
throughout the whole study, we observed exceptions 
to the rule late in the study. 
In general, ischemic spinal cord injury develops 
for two major reasons: ischemia results from AXC, 
and spinal blood flow is incompletely restored. Isch- 
emia may be prevented by distal aortic perfusion with 
pump or bypass methods  6'23 as long as the relevant 
segmental rteries that supply blood to the spinal 
cord are located in the perfused aortic segment. Be- 
cause this method is only possible for a short time 
during replacement of extensive aneurysms, cere- 
brospinal fluid (CSF) drainage was introduced by 
Miyamoto et al.1 in 1960 to allow better microcircu- 
lation and to reduce the effect ofpostischemic edema. 
Bower et al. 7 reinvestigated the effects of CSF drain- 
age on spinal cord blood flow during thoracic aortic 
occlusion and found a protective effect even after the 
aorta had been clamped for 60 minutes. As a result of 
that research study, Hollier 24 instituted routine CSF 
drainage in patients in 1988 and reported an overall 
incidence ofneurologic spinal cord deficit of 4.4%. In 
87 patients with type I and type II aneurysms, neuro- 
logic deficit occurred in 6.9%. Svensson et al.2~ in 
1990 reported CSF drainage with intrathecal papav- 
erine administration i  11 patients without neuro- 
logic deficit. As in Hollier's series, however, the ex- 
tent of aortic replacement according to Crawford's 
classification isdifficult o assess, which makes judge- 
ment of the efficacy of CSF drainage difficult. Sail et 
al. 11 reported experience with CSF drainage and dis- 
tal aortic perfusion in 45 consecutive patients with a 
high risk of paraplegia (14 type I, 31 type II). The 
early neurologic deficit rate was 4%, as was the late 
neurologic deficit rate. The authors combined the 
graft inclusion technique and reattachment of ICAs 
with CSF drainage and left-sided heart bypass sur- 
gery with the Biomedicus pump (Medtronic; Minne- 
apolis). Svensson et al.9 in 1994 reported collected 
data on 99 patients who underwent type I or II TAA 
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Fig. 3. Spinal fluid pressure in 27 patients. 
repairs and analyzed the patency oflCAs from T3 to 
T12 and lumbar arteries from L1 to L4 by intraop- 
erative inspection. The authors related the reattach- 
ment of segmental rterics and the use ofatriofemoral 
bypass to neurologic omplications.-Of the patients 
who had one or more arteries at T l l ,  T12, or L1 
oversewn, 48% had neurologic deficit, compared 
with 27% of patients who did not have patent arteries 
or who had all patent arteries reattached. Atriofem- 
oral bypass reduced the occurrence of neurologic 
deficit from 23% to 14% in type I patients. The 
incidence of neurologic deficit in patients with type 11 
aneurysms was 43%. 
We reimplanted ICAs in five patients of group A 
who did not develop sSSEP changes during aortic 
replacement. From a retrospective standpoint, reim- 
plantation was probably not necessary. The surgeon 
believed that the cardiorespiratory status of the 
patient was not stable, however, and was concerned 
that postoperative blood pressure changes indicated 
that ischemic spinal cord injury may have occurred. 
With our current knowledge, we would not reim- 
plant ICAs in patients in whom sSSEP changes are 
not apparent during aortic replacement. Acher et al.26 
reduced the neurologic deficit rate to 0% in 61 
patients who underwent surgery with CSF drainage 
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and intravenous infusion of naloxone. Their results 
compared favorably with the results from a previous 
group of 49 patients who received no protection and 
had a neurologic deficit rate of 22%. The series to 
date was small, however, and patients with type I, II, 
and III aneurysms accounted for only about one half 
of the study group. In a randomized prospective 
study, Crawford et al.27 evaluated the value ofsSSEP 
with stimulation of the peripheral nerves. Not 
surprisingly, the authors described false-positive and 
false-negative r sults because the patients underwent 
aortic replacement by the clamp-and-repair principle 
without distal aortic perfusion. The authors reported 
three patients in whom the sSSEPs were normal after 
surgery but who awoke with neurologic deficit. 
Spinal cord function with regard to evoked potential 
monitoring from the end of the operation until the 
morning of the next day, however, is not lcqown. 
Reattached ICAs probably became thrombosed the 
next day, as we have observed in two patients with 
delayed onset of paraplegia. 
We began estimating spinal cord function during 
surgery in 1983 and found that recording of  the 
sSSEPs directly from the spinal cord is useful to get 
accurate information about spinal cord perfusion. 28 
This enables the team to react either by early 
reattachment of ICAs or by raising the systemic 
blood pressure, cardiac output, or oxygenation. 
Mthough we were able to demonstrate that a 
significant correlation exists between sSSEP changes 
and the extent of the aorta excluded from the 
circulation during AXC (Tables VIIa and VIIb), we 
were not able to demonstrate a significant correlation 
between the neurologic outcome and the aortic 
length replaced for aneurysmal disease. The explana- 
tion for this finding may be that the surgeon reacted 
with separate and sequential reimplantation of ICAs 
depending on the continuous neuromonitoring. In
other words, many patients who had a risk of 
ischemic spinal cord injury have been protected by 
early restoration of spinal cord blood flow according 
to sSSEP (Table VIII). Recently we measured spinal 
fluid pressure in 27 selected patients (Fig. 3). 
Although we drained spinal fluid after the sSSEP 
disappeared, we never observed recurrence of spinal 
cord function in terms ofsSSEP by this adjunct. Only 
after ICAs were reimplanted and reperfused id the 
sSSEP return to normal. We have no information 
about the motor tracts through our method of 
monitoring because we record the somatosensory 
and not the motor evoked potentials. A significant 
finding throughout the study period, however, was 
that if the sSSEP signal did not return until the end 
of surgery, the patient would awake paraplegic. 
During the study we did not observe a single case in 
which sSSEP returned to normal and the patient 
awoke with a neurologic deficit. Therefore we 
recommend monitoring the spinal cord function 
during aortic replacement for TAA and relating the 
results of monitoring to the neurologic outcome and 
to the various protective measures in common use. 
CONCLUSION 
Like Svensson et al.,9 we demonstrated that the 
reimplantation of  ICAs is important and seems 
natural. From a statistical perspective, it would be 
desirable to prove the value of reimplantation f ICA 
in a randomized prospective study with the adjunct of 
sSSEP recorded irectly from the spinal cord. Be- 
cause many methods of protection and monitoring 
have evolved during the last I0 years, however, we 
were not able to react o any probable improvement 
by starting a randomized prospective study. This 
study clearly shows that the surgeon can respond to 
changes in sSSEP and observe the result of reimplan- 
tation when the reimplanted ICAs are reperfused. 
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DISCUSSION 
Dr. R ichard P. Cambr ia  (Boston, Mass.). This paper 
focused on the vexing issue of neurologic complications 
associated with TAA repair. It would appear that those of 
us interested in repair of these aneurysms have segregated 
into two basic camps: those who use some method of distal 
aortic perfusion versus those who use a variety of other 
adjuncts to protect the spinal cord with a clamp-and-sew 
technique. 
Although we have used different methods, we agree 
with the philosophy that a protective measure to increase 
the spinal cord's resistance to ischemia during the period of 
AXC is useful in decreasing neurologic omplications. In 
our own unit, Dr. Ken Davison and I reported last year a 
technique for regional spinal cord hypothermia with an 
epidural infusion system. To date we have used this system 
in some 50 patients with favorable preliminary results. We 
heard from Dr. Grabitz's group what is perhaps the most 
compelling argument yet advanced for reanastomosis of 
critical ICAs, and we remain aggressive in this regard. 
How risky is the use of directly placed epidural 
electrodes on the spinal cord? Have you encountered 
complications? 
Dr.  Wi lhe lm Sandmann.  We had no complications 
in the 172 patients in whom catheterization was at- 
tempted and in the 165 in whom it was successful. 
Epidural catheterization is routine in our department of 
anesthesiology; many patients have undergone surgery 
with this anesthetic technique during the many years we 
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have used it. There have been no specific complications 
to this monitoring method. 
Dr. Malcolm O. Perry (Lubbock, Tex.). It is well- 
known that the partition of blood flow within the spinal 
fluid is not necessarily reflected by the evoked potentials. Is 
there a possibility of injuring other areas with this method? 
Previous reports have not shown it to be very reliable 
because of the different patterns of blood flow. 
Dr. Sandmann. We are satisfied with this method 
because we didn't have any false-positive results. If the 
signal was zero and the surgeon was not able to get the 
sSSEPs back by reimplantating ICAs or by reperfusing the 
total aorta plus reattached ICAs, then the patient would 
awake paraplegic. There was no exception. Although the 
method oes not reflect spinal cord blood flow in every area 
of the spinal cord, it is highly successful in recognizing a 
patient who is at risk for paraplegia. 
Dr. Michael Jacobs (Amsterdam, The Netherlands). 
My question is similar to that posed by Dr. Perry. This 
impressive study is based or* the reliability of the sensory 
evoked potential providing information on the function of 
the dorsal horn. In general, the anterior horn of the spinal 
cord that contains the motor pathways i more sensitive to 
ischemia than the dorsal horn. Therefore the anterior horn 
may become ischemic during AXC, endangering the 
patient, while the sensory evoked potential is still normal, 
which explains the false-positive interpretation from the 
literature. Motor evoked potential monitoring allows direct 
information on anterior horn function and, in our experi- 
ence, provides information about anterior spinal cord 
ischemia within seconds. Would you comment on this 
technique? Do you have experience with motor evoked 
potentials? 
Dr. Sandmann. We do not have experience with 
monitoring the motor part of the spinal cord. This type of 
monitoring is difficult to perform. In theory and in 
practice, blood supply to the motor and sensory pathways 
of the spinal cord differs. If the somatosensory part of the 
spinal cord is monitored and there is no evoked potential 
response, then something is wrong with the blood supply 
to the spinal cord. So despite these differences inblood flow 
to the anterior and to the dorsal parts of the spinal cord, 
monitoring is helpful. If there is no response, you can be 
sure there is no blood supply. 
As you have probably realized, we are now in the stage 
of paraplegia prevention that I would call a paraplegia- 
prevention puzzle. If you look at the various methods 
recommended in the literature within the past 4 to 5 years, 
it is difficult o ascertain what to do and what would be best 
for the patients. Some methods used for prevention of 
spinal cord damage seem seN-evident to surgeons - they are 
logical. If more than one protective method is used in the 
same setting at the same time, however, the preventive 
effect of each cannot be proved. To prove the effectiveness 
of a specific preventive method, one must know which 
patient is at risk; therefore, we conclude that if you don't 
know the risk of paraplegia or paraparesis in the individual 
patient, yon cannot assess the effectiveness of your preven- 
tive measures. We strongly recommend the recording of 
the evoked potentials directly from the spinal cord to 
determine the effectiveness of the preventive method and 
the degree of risk to the patient. 
ERRATUM 
It has been brought to the Editors' attention that in the report entitled "Venous 
hemodynamics during impulse foot pumping" by Lois A. Killewich, Gaff P. Sandager, 
Anhtai  H. Nguyen, Michael P. Lilly, and William R. Flinn (J VAse SuR~ 1995;22:598- 
605), Table I was also published as Table II. The correct Table II follows. 
Table I I .  Maximum venous velocities in the popliteal vein o f  normal subjects 
during impulse foot pumping 
Position Resting 1 O0 mm Hg-  S 1 O0 mm Hg-  N 200 mm Hg-  S 200 mm Hg-  N 
Supine 12 _+ 0.6 47.5 _+ 1.8 43.9 ± 1.4 45.8 + 1.8 45 _+ 1.3 
Reverse 11.2 ± 0.7 48.2 ± 1.5 48 ± 1.5 47.6 + 1.5 48.3 _+ 1.5 
Trendelenburg 
Values are mean velocity in cm/sec _+ SEM. 
S, Short impulse duration; N, normal impulse duration. 
